Regional water safety systems are affected by social, economic, ecological, hydrological and other factors, and their effects are complicated and variable. Studying water safety systems is crucial to promoting the coordinated development of regional water safety systems and anthropogenic processes. Thus, a similarity cloud model is developed to simulate the evolution mechanisms of fuzzy and complex regional systems of water security and overcome the uncertainty that is associated with the indices that are used in water safety index systems. This cloud generator is used to reciprocally transform a qualitative cloud image with a quantitative cloud characteristic value, and the stochastic weight assignment method is used to determine the weight of the evaluation indices.
INTRODUCTION
Water is a basic strategic resource for coordinated socioeconomic development in different regions, and it controls elements in various cycles associated with regional ecological and environmental systems. Water security is directly affected by environmental socioeconomic and anthropogenic factors. However, with continuous socioeconomic development, population growth and the destruction of the natural environment, water security has become an important concept in water conservancy research in the 21st century (Briscoe ; Giuliano ) .
The evaluation of regional water safety systems provides a scientific basis for the rational development and utilization of regional water resources and for sustainable socioeconomic development in a region. Water safety systems include water systems, social systems, economic systems and ecological systems. Because their internal structures and functions are complex, variable and co-dependent, they can be considered a single complex system (Cheng et al. ) . Currently, numerous methods are used to evaluate regional water security; however, most studies have focused on a specific aspect of water security, and few studies have analyzed the entire system. For example, the score superposition method (Yao & Zhou ) and the fuzzy mathematical analysis evaluation method (Chen ) have been applied to assess water quality. A multidimensional critical regulation and control model was applied to analyze the multi-dimensional nature of water resource systems (Fu et al. ) . The comprehensive index method (Zhang et al. ) was combined with the entropy weight method to evaluate groundwater quality and determine the dynamic changes in the index weight based on the degree of influence of the index. An evaluation method that was based on gray system theory (Karmakar & Mujumdar ) was applied in a fuzzy waste load allocation model. A fuzzy set evaluation method (Lu et al. ) was applied to comprehensively evaluate urban water security. However, the score superposition method inadequately describes the complex internal mechanisms of water safety systems. Additionally, no standard exists for the comprehensive index method, so this method cannot directly indicate the degree of change in water security. The fuzzy mathematical analysis, gray system theory and fuzzy set evaluation methods can effectively simulate the fuzzy and uncertain relationships between indexes but cannot quantitatively describe the qualitative indexes of water safety systems. However, Li et al. () created a qualitative and quantitative transformation model called the 'cloud model' based on the theory of state space, cloud concepts and atomic models. The cloud model effectively overcomes the shortcomings of the above evaluation methods and has been widely used in hydrological research. For example, the eutrophication of lakes and reservoirs can be assessed with the cloud model, which considers the uncertainty, randomness and fuzziness of water quality evaluation (Wang et al. a) . When evaluating regional water resource allocation, a compound cloud model can effectively handle the fuzziness and uncertainty of the evaluation index grade and the size standard in the quantitative determination of weights (Wang et al. c) . The multi-dimensional normal cloud model, which was proposed by Wang et al. (b) can effectively simulate the eutrophication process with fuzziness and randomness. The cloud model that was developed by Huang et al. () can be used to quantitatively measure and analyze the average, uniformity and stability of precipitation to comprehensively and objectively describe changing precipitation patterns. A cloud model-based analytical method for regional sustainable water resource utilization schemes was proposed by Fu et al. () and was used to optimize the sustainable utilization of water resources. The radial basis function (RBF) artificial neural network-cloud model (RBF-ANN-Cloud), which was proposed by Liu et al. () and is based on the nonlinear characteristics, randomness and fuzziness of water hazards, can effectively simulate the uncertainty of urban water disasters. The above examples show that cloud models can be used to effectively evaluate objects with fuzzy complexity and provide a unique framework for regional evaluations of water security.
In this paper, we have classified the indexes of regional water security evaluation systems according to their characteristics, constructed an evaluation index system and developed a similarity cloud model to comprehensively evaluate regional water safety systems. The normal cloud and reverse cloud generators were used to generate the cloud-based 'standard ruler' of the water security assessment level and the evaluation clouds of regional water security. Based on the similarity between the cloud standard ruler and the evaluation clouds, the matching degree of the confidence interval was used to determine the safety of the evaluation clouds. The specific operation process is shown in Figure 1 . To better understand and verify the feasibility and effectiveness of the similarity cloud model for evaluating regional water safety systems, we evaluated two water safety systems, Jiansanjiang and Yinchuan, using the proposed method. , and its average temperature is 9 W C. Yinchuan is located in an arid and semi-arid region, and the average annual rainfall is only 200 mm. Additionally, 90% of the water consumption in Yinchuan is supplied by the Yellow River; therefore, this region experiences more water shortages than any other city in China (Cheng ) . The water safety systems of these areas exhibit obvious differences because of the different water resources and climate conditions. These regions are considered the study area to prove that the proposed model is practical and universal. The geographical locations of the two cities are shown in Figure 2 .
STUDY AREA AND METHODOLOGY

Methods
The basic cloud theory in regional water safety systems Gong () proposed the idea that an evaluation index system can be defined as a cloud, and the evaluation standard can be used to generate the cloud 'standard ruler', which corresponds to the safety coefficient classification in the assessment of water security. The cloud standard ruler represents the discourse domain U with precise numerical quantities, and it incorporates the qualitative concept C corresponding to the cloud standard ruler. Accordingly, the stochastic weight assignment method can be used to determine the quantitative value of each index and calculate the initial cloud value based on the cloud droplets that fall within the qualitative concept C of the evaluation index system. This process is represented by a random number with a stable tendency μ(x) ∈ [0, 1], which we call the membership degree of x to C, and the distribution of x in U is called the cloud. In this paper, we use cloud droplets to quantitatively describe the regional water security. The formation processes of each cloud droplet reflect the uncertainty between the qualitative concept and quantitative description of water security. The overall shape of a cloud can effectively reflect the safety condition of the water safety system. We used the digital cloud characteristics, namely the expectation Ex, entropy En and hyperentropy He ( cloud generator of a water safety system obtains quantitative information and information distribution from the qualitative linguistic information describing water security. This approach uses the numerical characteristics of the cloud (Ex, En and He) to generate Gaussian random numbers En Ã with En as an expectation and He as the standard deviation. The membership can then be determined based on Ex and En Ã , which reflect that the cloud droplet x belongs to the qualitative concept C. The computational formula is as follows:
Additionally, the inverse cloud generator can be used to calculate the numerical characteristics of the sample cloud based on the cloud droplets formed by the sample of the evaluation index system. Formula (1) can be used to generate the cloud standard ruler of the water safety level and the evaluation cloud of regional water security. The distribution area of the cloud droplets (Ex À 3ÃEn, Ex þ 3ÃEn) can then be obtained based on the associated distribution characteristics. The cloud standard ruler can represent the standard of regional water security that matches the regional cloud of water security evaluation, and the largest area of relative overlap in the cloud droplet distribution is the corresponding water security level.
Model operating rules
The security of regional water safety systems is affected by water, economic, social and ecological factors. Based on the characteristics of water safety systems and the principle of establishing the index system (Liu & Gao ), a water safety evaluation index system can be divided into a target layer, criterion layer, and index layer. The target layer refers to the goal of the entire evaluation system, such as regional water security in this study. The criterion layer is divided into water security, socioeconomic security, ecological and environmental security, management security and food security. The index layer provides the framework for the evaluation index system, which selects and classifies indexes based on the criterion layer. After construction of the evaluation index system, a similarity cloud model is constructed, and its specific operating procedures are as follows.
Step 1: numerical normalization processing of evaluation indexes. Assume that the matrix of the evaluation indexes is (X ij ) m×n , where x ij denotes the i th index of the j th sample, and m and n denote the number of indexes and the sample size, respectively. To eliminate the dimension of each index, we use formulas (2) and (3) to process the indexes. For a scenario in which large index values are better, the index is processed as follows:
For a scenario in which small index values are better, the index is processed as follows:
where max (x ij ) and min (x ij ) indicate the maxima and the minima, respectively, of the i th index of the j th sample.
Step 2: determining the weight of the evaluation index in the regional water security system. The determination of the weight of the evaluation index, which reflects its importance, is the key to objectively evaluating the water safety system. Because each evaluation index is different based on the degree of water security, the index weights are not the same. In previous studies, researchers generally used techniques such as the analytic hierarchy process and the Delphi method (Zhu et al. ) to subjectively assign weights to indexes. In other studies, the data characteristics were used to evaluate and optimize the objective weighting of an evaluation index (Hegerty ). These two methods have also been combined to determine the evaluation index weight (Zhao et al. ) . However, because of the uncertainty associated with evaluation index descriptions and the complex relationships between the indexes in water safety systems, these index weighting methods cannot adequately reflect the security of regional water systems. However, the stochastic weight assignment method (Gao et al. ) can be used to assign weights to each index, and the influence of each index on water security is effectively simulated. Therefore, this paper used random weighting for each index and applied the rand function in Matlab to generate a random matrix (w ij ) k×m ¼ rand(k, m). Then, (w ij ) k×m was normalized as follows:
where k denotes the time of random empowerment, and m denotes the number of evaluation indexes.
Step 3: calculation of the evaluation cloud of regional water security. The normalized evaluation indexes are randomly weighted k times, and the initial cloud value of each sample can be calculated as follows:
Then, (X ij ) k×n represents the cloud droplets. This information is input into the reverse cloud generator to obtain the digital characteristics of the evaluation cloud:
where
The evaluation cloud of each sample can then be generated using the positive cloud generator.
Step 4: calculate the cloud standard ruler of the evaluation level of regional water security. First, the endpoint of the evaluation interval is considered the boundary of the cloud, and the expectation (Ex), entropy (En) and hyperentropy (He) are calculated for each evaluation grade range. Then, the cloud standard ruler based on the cloud droplets can be generated using the positive cloud generator. The associated computational formula is as follows:
where a and b denote the lower bound and upper bound, respectively, and k is a constant that is adjusted based on the fuzzy index threshold of the variables, k ¼ (1=n) P n j¼1 He(j).
Step 5: calculation of the security level of the sample evaluation cloud in the regional water security system. If we assume the cloud standard ruler of the evaluation grade is C
, then the sample evaluation cloud of water safety is C j (Ex j , En j , He j ). Based on the cloud standard ruler, the size of the overlapping area between the sample evaluation cloud and each cloud standard ruler in the cloud droplet distribution can be calculated, and the largest overlapping area is the security level of the sample. The specific calculation formulas are as follows:
where k denotes the subscript of the evaluation grade, j denotes the subscript of the sample, and s k is the similarity of C j to C Ã k .
CASE STUDIES
Construction of an evaluation index system for regional water security
Based on the principles of the index system (Liu & Gao ) , the operating rules of the model presented in this paper and the water safety systems in Jiansanjiang and Yinchuan, we constructed the evaluation index systems of water safety as follows (see Tables 1 and 2 ).
Initial data
Our research data were primarily obtained from the 'Jian- 
Model solution
The index matrixes (x ij ) 33×10 and (x ij ) 19×8 were obtained based on the initial samples from Jiansanjiang and Yinchuan. Based on the model operation process, the evaluation indexes of regional water security were randomly weighted 100 times, which yielded the weight matrixes (R ij ) 100×33 and (R ij ) 100×19 , and the initial cloud value matrixes (X ij ) 100×10 and (X ij ) 100×8 were generated using formulas (4) and (5). Then, the cloud attribute values of the Jiansanjiang and Yinchuan water safety systems were calculated using the initial cloud values (see Table 3 ). Additionally, the evaluation cloud was obtained using the positive generator (see Figure 4) .
In Figure 4 , the various colour clouds represent the evaluation cloud samples at different water safety degrees. The sample cloud colour from left to right reflects the sample cloud security level from low to high.
Based on the evaluation criteria for urban water security (Yang ), the cloud attribute values of the water safety assessment level (Table 4 ; He ¼ k ¼ 0:006) can be calculated using formula (7). Additionally, the clouds of the water safety assessment levels were created using the positive generator ( Figure 5 ).
According to step 5 in the model operating rules, s k can be calculated using formula (8). Additionally, the value of s k can be used to assess the water security in Jiansanjiang and Yinchuan. Table 5 shows that the Jiansanjiang cloud for water security evaluation and cloud standard ruler were generally at the 'safe' and 'very safe' levels. The results show that the Jiansanjiang water safety system is in a safe state. From 2002 to 2011, the average annual volume of surface water resources in Jiansanjiang was 10:38 × 10 8 m 3 , the average annual volume of groundwater resources was 11:41 × 10 8 m 3 , and the average annual rainfall was 490.57 mm, which reflect sufficient water resources. Although there has been excessive resource exploitation and environmental damage in the area since 2002, local leaders have attempted to continuously improve ecological awareness and environmental protection, including the establishment of a series of protective measures. The government has introduced advanced technology and equipment, which have improved the regional food quality and yield. Additionally, the government has introduced advanced management technology to utilize natural resources rationally and maximize their benefits. Simultaneously, the living standard and resource conservation awareness have markedly improved. All these factors suggest that the Jiansanjiang water safety system is currently secure. Table 6 shows that the Yinchuan City water security system was in danger in 2006-2007 but began to return to a safe state at the beginning of 2008. Since 2011, it has gradually reached a very safe state. Yinchuan is located in a semi-arid and arid region with little precipitation and substantial evaporation. From 2004 to 2007, the average annual volume of surface water resources in the city was 2:61 × 10 8 m 3 , the average annual volume of groundwater resources was 8:26 × 10 8 m 3 , and the average annual rainfall was 213.25 mm, which reflect a serious shortage of water resources. Moreover, due to a large number of domestic sewage discharges and the low sewage treatment capacity of Yinchuan City, the water resources in the city were seriously polluted. In addition, the utilization rate of water resources in Yinchuan has remained at a low level, and the irrigation quota of the region was higher than the average level in China. All these phenomena affected the water safety system in the area. However, the water safety system in Yinchuan City has improved since 2008 due to increasing industrial wastewater discharge compliance, the increase in water-saving agricultural irrigation areas, the introduction of water-saving social policies, the introduction of a water diversion project and the continuous strengthening of the reclaimed water system. The proportion of investment in environmental protection accounted for by GDP (%) P Industrial water recycling rate (%) P The processing capacity of wastewater treatment facilities P Urban sewage concentrated treatment rate (%) P Drainage and irrigation stations (PCS) P Tap water penetration rate (%) P Water environment and public facilities (1 × 10 4 t Á d À1 ) P Wastewater treatment facilities operating costs (1 × 10 4 yuan) N Food security Food crop planting area P Grain yield per unit area P Effective irrigation area P Actual irrigation area P Pesticide application amount (t) N Fertilizer application amount (t) N Regional agricultural production density (%) P Urban greening coverage (%) P Urban sewage regeneration recycling rate (%) P Urbanization rate (%) P Urban drinking water quality success rate (%) P Management security Urban water supply pipe network loss rate (%) N Urban water saving appliances penetration rate (%) P Environmental protection investment proportion (%) P Urban sewage disposal rates (%) P Industrial waste water discharge success rate (%) P Food security
ANALYSIS OF THE RESULTS
The proportion of agricultural water-saving irrigation area (%) P The proportion of agricultural water (%) N 'P' represents a positive index based on a 'larger is better' index value. 'N' represents a negative index based on a 'smaller is better' index value. 
CONCLUSIONS
In this paper, cloud theory was used to construct a similarity cloud model for evaluating regional water security and developing regional water safety systems based on case studies of Jiansanjiang and Yinchuan. The modeling process was implemented using MATLAB 2012a, and the results effectively reflect the safety situations of the regional water safety systems. The main conclusions are as follows. 'EU' denotes 'extremely unsafe', 'U' denotes 'unsafe', 'BS' denotes 'basic security', 'S' denotes 'safe' and 'VS' denotes 'very safe'. This study successfully applied a similarity cloud model to evaluate regional water safety systems. The greatest advantage of this model is its ability to simulate the complex characteristics of the internal mechanisms of regional water safety systems and the uncertainty in the relationships between the indexes used in water safety evaluation systems. The similarity cloud model overcomes the common problem associated with evaluating overlapping cloud images, which results in difficulty in assessing regional water safety, and it successfully describes the security scenarios of regional water safety systems with complex properties based on specific quantitative values.
The case studies showed that Jiansanjiang is rich in natural resources, the local government has introduced advanced crop cultivation techniques and equipment to promote the sustainable development of the local agricultural economy, and the local soil and water resources have been optimized. These factors play an important role in the Jiansanjiang water safety systems and indicate that the region's water security system is in good condition. However, due to the local industrial development and the lack of awareness about environmental protection, Yinchuan's ecological environment was once severely damaged. These phenomena caused the Yinchuan water security system to be in a dangerous condition. Later, as the government introduced a series of policies, continued to strengthen agricultural economic development, implemented real-time monitoring and management of industrial wastewater discharge, and introduced the South to North Water Diversion Project, the agricultural and industrial development in the region gradually became better coordinated, and the environment has improved greatly. These efforts have gradually restored the region's water security system to a safe state. Notably, the simulation results were found to be relatively accurate, which demonstrates the feasibility and generalization ability of the model. Additionally, it can help regional water safety managers understand local water security scenarios temporally and establish the correct control measures. 
